Introduction
Phospholipase C (PLC) 1 isozymes cleave PtdIns(4,5)P 2 to generate the second messengers inositol (1, 4, 5) trisphosphate and diacylglycerol, which subsequently trigger Ca 2+ release from internal stores and activation of protein kinase C, respectively (1) . Historically, three different isoforms of PLC, which differ in their mechanisms of activation, were thought to underlie the formation of these two second messengers (2) . The heterotrimeric G protein subunits Ga q (3) (4) (5) (6) and Gbg (7-9) directly activate PLC-b isozymes while the activity of PLC-g isozymes is increased via phosphorylation and translocation as a consequence of activation of tyrosine kinase receptors (10) (11) (12) . The mechanism(s) of regulation of PLC-d is less clear but has been suggested to involve Gh proteins (13) as well as Ca 2+ mobilization (14) .
A fourth member of the family of PLC enzymes, PLC-e, was identified recently (15) (16) (17) (18) .
This approximately 250 kDa isozyme contains the structural core (EF-hands, catalytic TIMbarrel, and C2 domain) common to all PLC isozymes as well as additional domains at the aminoand carboxy-termini that implicate interactions with Ras family GTPases. More specifically, a CDC25 domain at the amino terminus of PLC-e functions as a guanine nucleotide exchange factor for H-Ras and/or Rap1 (16, 17, 19) , while two Ras-associating (RA) domains at the carboxy-terminus bind H-Ras and several Rap isozymes in a GTP-dependent manner (16, 18) .
Direct binding of H-Ras to the RA2 domain of PLC-e results in increased accumulation of inositol phosphates in COS-7 cells co-expressing constitutively active H-Ras and PLC-e (18).
Ga 12/13 , but not Ga q or other heterotrimeric Ga subunits (17, 20) , and Gbg subunits of heterotrimeric G-proteins (20) stimulate phospholipase activity of PLC-e; however, whether Ga 12/13 and Gbg subunits activate PLC-e via a direct interaction with the enzyme or through intermediate proteins remains unclear.
The goals of this study were to determine whether additional members of the Ras superfamily of small GTPases regulate the phospholipase activity of PLC-e and to delimit the domains of PLC-e necessary for activation by Ga 12/13 , Gbg, and Ras family GTPases. Our analyses have revealed novel regulation of PLC-e by Rho family GTPases through a mechanism not involving the previously identified CDC25 and RA domains of the isozyme. Instead, we have identified an insertion within the Y region of PLC-e not present in other PLC isozymes that is essential for Rho and Ga 12/13 activation of PLC-e. In vitro binding experiments illustrate a GTP-dependent and Y box insert-independent interaction of RhoA with PLC-e. 
Experimental Procedures

Materials.
The open reading frame of rat PLC-e in pCMV-script (kind gift of Grant Kelley, SUNY Syracuse) was subcloned into pCMV-myc resulting in an amino-terminal myc-tagged rPLC-e. pcDNA3 expression vectors for untagged Ga 12 and Ga 13 (21) were obtained from Channing Der (University of North Carolina). hGb1 pcDNA3.1 (amino-terminal myc-HIS) and hGg2 pcDNA3.1 (amino-terminal double HA) expression vectors were as previously described (22) .
HA-tagged wild type and GTPase deficient mutants of Rho family GTPases were obtained from the Guthrie Institute (Sayre, PA). A rabbit PLC-e antibody was generated by BioSource against a predicted exposed sequence, LKAHQTPVDILKQKAHQL, immediately carboxy-terminal to the X box.
Computational Tools.
Vector NTI (Informax Inc.) and NCBI Psi-Blast (http://www.ncbi.nlm.nih.gov/BLAST) were utilized to identify the unique insert in the Y box (TIM barrel) of PLC-e. Multiple sequence alignments were made with the AlignX module of Vector NTI which employs a Clustal W alignment tool.
Transfection of COS-7 cells and quantitation of phospholipase C activity.
COS-7 cells were seeded in 12-well culture dishes at a density of approximately 60,000 cells per well and maintained in high glucose DMEM containing 10% fetal bovine serum, 100 U/ml penicillin, 100 mg/ml streptomycin at 37°C in an atmosphere of 90% air/10% CO 2 . The indicated DNA vectors were transfected using Fugene 6 (Roche) transfection reagent (3 ml 
Construction of PLC-e fragments.
PLC-e fragments were constructed by polymerase chain reaction amplification of the selected region from full length rPLC-e cDNA following standard protocols and were ligated in frame into pCMV-myc (Clontech). Constructs were verified by sequencing and the expression of all constructs in COS-7 cells was confirmed by western blots with c-Myc antibody (Invitrogen). Specific constructs and corresponding amino acid ranges (see Fig 2A) include:
CDC25-C2, 509-1987; CDC25-RA1, 509-2113; CDC25-Cterm, 509-2281; EF-Cterm, 1198-2281; and EF-CtermDY, 1198-2281 lacking residues 1667-1728).
GST-Rho pull down assays.
The coding sequences for human Ras, Rac1, and RhoA were amplified by PCR and subcloned into linear pGEX4T2 (Amersham) in frame with the GST coding sequence. BL21(DE3) cells were transformed with individual GST-GTPase plasmids, grown to mid-log phase, and protein production was induced with 1 mM IPTG for 8 h at 27°C. Cells were harvested, resuspended in PBS, lysed with an Emulsi-Flex C5 (avestin), and clarified supernatant was loaded onto glutathione sepharose. GST-GTPases were eluted after several wash steps with 10 mM glutathione, and the resulting recombinant protein was dialyzed against 20 mM Hepes (pH = 7.5), 150 mM NaCl, and 5 % glycerol. Purified GTPases were loaded with either GDP or COS-7 cell lysates were rocked for 30 min at 4°C and then centrifuged at 30,000 x g for 30 min at 4°C. 200 ml of each supernatant was incubated overnight at 4°C with ~8 mg GDP-or GTPgSloaded GST-RhoA, GST-Rac1, or GST-H-Ras. Glutathione Sepharose resin was washed twice with lysis buffer and twice with PBS containing 5 mM MgCl 2 , resuspended in 25 ml 2X Laemmli sample buffer, and subjected to SDS-PAGE and transfer to nitrocellulose. Western blotting was performed using anti-myc (Invitrogen) and anti-PLC-b2 (Santa Cruz Biotechnology) primary antibodies. 10 ml of each COS-7 cell lysate was used to confirm the expression of transfected DNA.
Results
Activation of PLC-e by the small GTPase Rho.
Previous studies illustrated that H-Ras and Rap isozymes interact with the Rasassociating domains of PLC-e to stimulate phospholipase activity (16, 18) . To determine whether other small GTPases also activate PLC-e, COS-7 cells were transfected with DNA vectors encoding PLC-e and various small GTPases of the Rho family prior to measuring total inositol phosphate accumulation indicative of PLC-e activity (Fig 1) . As previously observed, transfection of PLC-e alone resulted in a small increase in [ 3 H]inositol phosphates that was substantially augmented by cotransfection with Gb 1 g 2 or GTPase-deficient mutants of Ga 12 , Ga 13 or H-Ras ( Fig 1A) . Surprisingly, constitutively active forms of RhoA, RhoB, and RhoC also markedly stimulated inositol phosphate accumulation after cotransfection with PLC-e ( Fig   1B and data not shown). In fact, the constitutively active Rho isoforms consistently produced higher inositol phosphate accumulation relative to the known activators of PLC-e. In contrast, constitutively active Rac1, Rac2, Rac3, or Cdc42 had little or no effect on inositol phosphate formation catalyzed by cotransfected PLC-e ( Fig 1B and data not shown). Enhanced phospholipase C activity was dependent on PLC-e, since transfection of the Rho isozymes alone did not cause marked increases in inositol phosphate accumulation (Fig 1C) . Furthermore, while wild-type versions of the Rho isozymes augmented the phospholipase activity of PLC-e, this activation was routinely enhanced with constitutively active mutants of the GTPases (Fig 1C) consistent with the possibility that PLC-e is a direct, downstream effector of Rho. Western blots indicated approximately equivalent levels of expression of each small GTPase under the conditions of these assays (Fig 1C, insets) , and no changes in the levels of expression of PLC-e occurred as a consequence of coexpression with the various GTPases (data not shown). 12/13 , and Gbg.
Definition of regions of PLC-e essential for activation by Rho, Ga
Interaction of PLC-e with H-Ras is dependent on the presence of the second Ras associating domain of PLC-e, and disruption of this interaction by mutation of lysine 2150 to glutamate in ratPLC-e prevents the phospholipase stimulating activity of H-Ras (18) . To assess the role of the RA domains in the regulation of PLC-e by other activators, COS-7 cells were transfected with cDNA encoding either Rho, Ga 12/13 , or Gb 1 g 2 and one of a series of PLC-e fragments (Fig 2A) . While deletion of either the last (CDC25-RA1) or both of the RA domains (CDC25-C2) from a N-terminally truncated form of PLC-e (CDC25-Cterm) eliminated activation by GTPase-deficient H-Ras, the marked stimulation of phospholipase C by constitutively active Rho (as well as by Ga 12/13 , or Gb 1 g 2 ; data not shown) was essentially unaffected (Fig 2B) . Therefore, the RA domains of the isozyme are necessary for activation by H-Ras but not by other activators including those of the Rho family of small GTPases.
Results from our previous study indicated that activation of PLC-e by Gbg was independent of either H-Ras or phosphatidylinositol-3 kinase (PI3K), and identified a PH domain in PLC-e as a potential site of interaction with Gbg (20) . To test whether the PH domain of PLC-e is essential for activation by Gb 1 g 2, Ga 12/13 , or Rho, these proteins were co-expressed with an N-terminally truncated fragment of PLC-e lacking the PH domain (EF-Cterm) and encoding sequence from the EF-hands of PLC-e to its C-terminus. Surprisingly, Gb 1 g 2, as well as Ga 12/13 , RhoA, RhoB, and H-Ras all activated this fragment of PLC-e, indicating that the CDC25 and PH domains are not essential for PLC-e activation by any of these G proteins (Fig 2C) . Thus, in combination with the previous results that eliminated the RA domains as important determinants for PLC-e activation by Rho, Ga 12/13 , or Gbg, these modulators require only the core catalytic domain of PLC-e (EF hands to C2 domain) to enhance phospholipase activity.
Identification of an insertion in the Y box of PLC-e.
As illustrated in the experiments above, PLC-e is unique among PLC isozymes in requiring only the catalytic core for activation by Rho, Ga 12 , and Ga 13 . To identify unique regions within the catalytic core of PLC-e that potentially could impart this responsiveness, pairwise and multiple sequence alignments were performed comparing PLC-e isoforms with the other classes of PLC. This analysis revealed a previously unidentified, ~65 residue insertion (residues 1669 to 1730 in PLC-e) within the Y box of all forms of PLC-e, including the distantly related PLC-e from C. elegans, that is not present in other PLC isozymes (Fig 3A) . Examination of the PLC-d structure indicates that this insert maps to a small, surface-exposed loop within the catalytic core distinct from the highly disordered and poorly conserved X-Y linker characteristic of all PLC isozymes (Fig 3B) . The unique placement of this insertion within PLC-e suggests that it would be available to interact with other proteins that specifically regulate PLC-e compared to other PLC isozymes. Given the clear demarcation of this insertion between regions of high sequence conservation corresponding to known secondary structure elements within PLC-d1, we anticipated that deletion of this region would not destroy proper folding of PLC-e.
As such, the unique insert was deleted from the N-terminally truncated form of PLC-e (EFCterm) and the resultant protein, EF-CtermDY, was shown to retain phospholipase C activity when over-expressed in COS-7 cells (Fig 4A) . Furthermore, EF-CtermDY retained capacity for activation by H-Ras and Gb 1 g 2 (Fig 4A) . In marked contrast, EF-CtermDY was completely unresponsive to stimulation of phospholipase activity by either Ga 12/13 or Rho (Fig 4A) directly by guest on July 15, 2017 http://www.jbc.org/ Downloaded from implicating this unique, ~65 amino acids insertion in the regulation of PLC-e by both Ga 12/13 and Rho. This differential responsiveness was further illustrated in an experiment in which amounts of transfected DNA were varied over several orders of magnitude, and phospholipase stimulation was normalized to account for differences in intrinsic activity of the phospholipase variants ( Fig   4B) . Constitutively active RhoA elevated the phospholipase activity of EF-Cterm by greater than 10-fold whereas the mutant form of PLC-e lacking the insertion was essentially unresponsive to the GTPase mutant of RhoA over a broad range of amounts of transfected DNA.
Again, H-Ras activation of PLC-e was independent of the Y-box insertion irrespective of the amount of H-Ras DNA that was transfected.
GTP-dependent interaction of Rho with PLC-e.
To determine whether PLC-e interacts directly with Rho and whether the Y box insert is uniquely responsible for this interaction, COS-7 cells were transfected with DNA encoding one of the following: myc-EF-Cterm, myc-EF-Cterm DY, myc-Rho kinase (ROCK), or PLC-b2.
Cell lysates obtained after 24 h of culture under each condition were incubated with GST-RhoA, GST-Rac1, or GST-H-Ras each prepared in either the GDP-or GTPgS-bound form. Both PLC-e EF-Cterm and EF-Cterm DY precipitated with GST-RhoA and GST-H-Ras in the GTPgS-bound, but not the GDP-bound, form. In contrast, no interaction was observed between the PLC-e isozymes and GST-Rac1 in either the GDP-or GTPgS-bound state. As expected, Rac1, which activates PLC-b2 (24-26) but not PLC-e (Fig 1B) , precipitated in a GTPgS-dependent manner with PLC-b2. Taken together, these results illustrate interaction of PLC-e with RhoA and suggest that, although the unique Y box insert is required for Rho activation of PLC-e, it does not solely account for Rho interaction.
Discussion
The recent identification of PLC-e as a Ras and Ga 12/13 activated enzyme that also exhibits Ras GEF activity has added complexity to inositol lipid signaling. PLC-g was previously thought to underlie inositol phosphate signaling in response to tyrosine kinase receptors, and likewise, G protein coupled receptor-stimulated inositol phosphate production was thought to occur through PLC-b isozymes and Ga q or Gbg. Activation of PLC-e by Ga 12/13 , Gbg, and Ras reveals a convergence of tyrosine kinase/Ras GTPase and heterotrimeric G protein signaling through a common effector. Results reported here illustrate that Rho family GTPases regulate PLC-e and do so through a unique region, further amplifying the complexity of regulation both of PLC-e and of inositol lipid signaling in general.
The initial identification of the rat and human PLC-e genes revealed the presence of tandem RA domains at the C terminus (16) (17) (18) , which suggested interaction of this novel isozyme with Ras family G proteins. GTP-dependent binding of H-Ras with the second RA domain was directly confirmed and shown to be essential for Ras stimulation of phospholipase activity of PLC-e (16, 18) . Whether increased lipase activity is due to direct activation of PLC-e or to translocation of the enzyme to the membrane, as is the case with other Ras effectors, remains unclear. The current data indicate that in addition to Ras, the Rho family GTPases Rho A, B, and C, but not the highly homologous Rac1, 2, 3, or Cdc42, activate PLC-e. Indeed, the extent of activation observed with the Rho GTPases was consistently greater than that observed with H-Ras. Moreover, truncation/deletion analyses revealed that Rho-dependent activation of PLC-e is independent of the CDC25, PH, and RA domains, which distinctly contrasts to the requirement of an intact RA2 domain for Ras activation of PLC-e.
by guest on July 15, 2017 http://www.jbc.org/ Lomasney and colleagues reported that PLC-e is not simply a Ras effector, but also acts as a Ras activator, suggesting an intriguing positive feedback loop (17) with PLC-e activating Ras via the GEF activity of a CDC25 domain in the amino-terminus. However, Kataoka and colleagues, working with a different amino-terminal splice variant of human PLC-e, have suggested that the GEF domain is selective for Rap over Ras (19, 27) . Although the CDC25 domain of PLC-e could yet prove to interact with Rho GTPases as downstream signaling molecules, this domain clearly is not involved in the activating effects observed with Rho GTPases in our study.
Previous studies have illustrated that Ras and Ga 12/13 subunits of heterotrimeric G proteins activate PLC-e through separate mechanisms (17, 18, 20) . However, the regions of the enzyme essential for Ga 12/13 regulation have remained undefined. We illustrate here that the amino-terminus, CDC25 domain, PH domain, and RA domains are not necessary for Ga 12/13 regulation of PLC-e. Identification of a unique sequence within the Y domain of PLC-e suggested that this region might be responsible for Rho, Ga 12/13 and/or Gbg activation of the isozyme. This sequence is predicted to be an exposed region on the surface of the enzyme based on the crystal structure of PLC-d. The functional importance of this sequence is supported by our observations that its removal eliminated Rho-and Ga 12/13 -(but not Ras-or Gbg-) promoted activation of PLC-e. GTP-dependent interaction of Rho with PLC-e was illustrated in pulldown experiments with GST-Rho. Whereas the unique sequence in the Y domain of PLC-e was necessary to observe Rho-dependent stimulation of phospholipase C activity, binding of GTPactivated Rho was retained in a mutant PLC-e lacking the insert. This sequence may constitute part, but not all of a binding site, in essence being necessary, but not sufficient to bind G protein alone. Therefore, the structural basis for the interaction of Rho with PLC-e and its concomitant activation remain to be defined.
In a previous study, we identified a PH domain and EF hand region in PLC-e and illustrated that Gbg subunits stimulate phospholipase activity of PLC-e (20) . Since direct interactions of Gbg with the PH domains of PLC-b isozymes (28, 29) and other proteins (30, 31) have been well characterized, we hypothesized that the PH domain of PLC-e might mediate the stimulating actions of Gbg. The experiments reported here illustrate that the PH domain is not necessary for Gbg activation of PLC-e when expressed in COS-7 cells. Indeed, mutant PLC-e fragments missing the amino-terminal region, CDC25 domain, and PH domain retained apparently full regulation by Gbg, and the region of Gbg regulation of PLC-e was delimited to the catalytic core of the enzyme (EF hand, X, Y, and C2 domains). An alpha helix within the Y box of PLC-b2 appears to mediate its interaction with Gbg (32) . A similar region may be involved in Gbg regulation of PLC-e, although the Y578 residue reported to be essential for Gbg activation of PLC-b2 is not present in PLC-e.
The addition of Rho to the known regulators of PLC-e introduces a previously unsuspected signaling pathway into an effector that generates Ins(1,4,5)P 3 and diacylglycerol.
As such, PLC-e is implicated as a potential effector in Rho dependent processes including cytoskeletal rearrangement, vascular smooth muscle contraction, gene expression, and cell growth. Many of these processes are regulated by G protein coupled receptors (i.e. for thrombin, lysophosphatidic acid, endothelin, etc.), perhaps via the Ga 12 family of G proteins (33) . The recent identification of Rho GEFs that are activated by Ga 12/13 (i.e. p115RhoGEF and LARG) bridges the gap between heterotrimeric and Rho GTPases (34) (35) (36) (37) insertions not previously identified in our earlier study (20) . Also, the Y box of PLC-e is extended to accommodate a ~65 amino acid insertion not previously recognized. Finally, we have identified a cysteine-rich domain N-terminal to the CDC25 domain with significant homology to LDLa modules typically found within the extracellular domains of low density lipoprotein receptors. Fragments used in these studies are represented below the schematic of PLC-e, and the N-terminal boundaries in these constructs were defined prior to the discovery of the Src0 and additional EF-hands. B, The indicated PLC-e fragments or empty vector (100 ng) was co-expressed with GTPase-deficient RhoA or H-Ras (50 ng) and PLC activity was quantified. The inositol phosphate accumulation stimulated by each G protein in the absence of exogenous PLC-e was subtracted from PLC-e expressing samples. C, The CDC25 and PH domains of PLC-e are dispensable for phospholipase activation by all known activators. The indicated, constitutively active GTPase or Gb 1 g 2 (10-300 ng to yield maximum stimulation as seen in Fig 1) was co-transfected with empty vector or PLC-e EF-Cterm (300 ng). Data shown are the mean ± S.D. for triplicate samples in one experiment. Results are representative of three or more experiments in each case. 
